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Abstract

:

Earthmoving operations in the construction process are complex environments that involve interactions between equipment, the workforce, and materials within an overarching construction plan. Over the past two decades, researchers in construction have focused on improving the safety of construction earthmoving equipment due to their omnipresence in the construction environment. Although previous studies have explored safety risks and the causes of accidents involving construction earthmoving equipment, their approaches were common and lacked a comprehensive perspective. Hence, this systematic literature review applies Rasmussen’s (1997) risk management framework using a systems thinking approach to identify and classify the risk factors influencing earthmoving equipment operation safety in construction sites. Utilizing a multistep methodology, this research first identifies 38 risk factors pertinent to earthmoving equipment operations and then classifies them based on systems thinking. Social network analysis (SNA) is employed to analyze the data. The results show that most research on earthmoving equipment safety focuses on monitoring construction sites, but very little on government and regulatory roles. When considering the interdependencies of risk factors, safety training is the most important factor, followed by the largely overlooked earthmoving machinery characteristics and manufacturer’s performance. The results of this review inform both the research community and industry practitioners regarding the less-understood aspects of earthmoving equipment operation safety and future research directions.
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1. Introduction


Earthmoving equipment operation in the construction process is a major contributor to collisions [1,2,3], and workers are exposed to dangerous situations during operation [4]. The transitory nature and complexity of earthmoving equipment operations pose safety risks to workers and equipment [3,5]. Safety noncompliance related to earthmoving operations is common due to the tight workspace and the proximity of workers and equipment during operation [2,6,7,8]. In Australia, 15% of construction incidents involved contact between people and moving plant, in particular heavy plant, such as articulated haul trucks, excavators, front-end loaders, and dozers, which ranked second after manual handling incidents (17%), according to Woolley et al. [9].



Excavation is one of the high-risk construction tasks [10] and includes activities such as digging, hauling, dumping, swinging, moving, filling, and compaction [11]. It involves various types of earthmoving equipment including excavators, bulldozers, backhoes, forklifts, dozers, compactors, motor graders, loaders, concrete pumps, cherry pickers, scrapers, and trucks [12]. Earthmoving equipment operation safety can be regarded as a complex sociotechnical system consisting of two influential subsystems: the technical aspect of the system encompasses the technologies (techniques, machines, equipment, etc.) and the social aspect of the system encompasses humans (skills, attitudes, values, and needs) [13].



Some studies have identified major risk factors related to earthmoving equipment operation [2,14,15,16,17]. Despite a plethora of research on technological safety solutions [18] to improve the safe operation of earthmoving equipment in construction projects [19,20,21,22,23], many of them have focused on a narrow perspective of risk factors, offering solutions to isolated levels of risk factors. For example, research has been focused on technologies for safe and resilient earthmoving operations [24], earthmoving equipment automation [25], and management of construction plant and equipment [26]. While these are important, a systematic review of the literature on the safety of earthmoving equipment is needed to review what has been done and identify knowledge gaps for further research from a systems thinking perspective. There is a lack of understanding of whether the current directions of construction earthmoving equipment safety research are aligned with the systems thinking approach for the causation and prevention of accidents and the extent to which the identified risk factors are addressed or neglected.



This article aims to evaluate the current earthmoving equipment operation safety literature with a systems thinking perspective.



The objectives are: (1) Categorize the risk factors that have been identified from selected articles from a systems thinking perspective and (2) examine the interrelationships of the risk factors. Content analysis was conducted to extract the risk factors and map them to the well-established systems thinking Rasmussen risk management framework [27] for further analysis. Social network analysis (SNA) was then conducted to visualize the interrelationship patterns of the risk factors. This review contributes to the existing body of knowledge in several distinct aspects. It employs a holistic systems thinking perspective to analyze risk factors of earthmoving equipment operation safety, embracing a wide spectrum of risk factors in the Rasmussen risk management framework and revealing their interrelationships. The significance of this study lies in providing new insights for developing an integrated safety approach for earthmoving equipment operation that considers the interconnections of all risk factors. It also enhances safety solutions research by including various aspects of operation at different levels of the risk management framework. Most of the other studies focused only on technological and non-technological solutions in isolation, but this research showcases different research streams, from the identification of risk factors to different safety solutions methods for social and technical aspects of the system, which converge toward the ultimate goal of improving the safety of earthmoving equipment operation by taking incremental steps. The findings clarify further safety solutions development requirements for an integrated safety approach for earthmoving equipment operation in which all elements of the systems have interconnected actions.




2. Systems Thinking Framework


The systems thinking approach has been employed to examine the system’s interconnections [28] and explore ways to improve safety performance in the sociotechnical systems [29]. It can recover the lost pieces of the puzzle of risk factors and accident analysis methodologies in a complex and interconnected system. In the risk management domain, systems thinking is a fertile ground for an understanding of being change-oriented, adaptable and improving the system’s interconnections [28], and increasing the safety performance in sociotechnical systems [29]. The Rasmussen risk management framework [27], as commonly applied in the domain of risk management, has decomposed the system into six levels (i.e., authorities, lawmakers, company, management, personnel, and work), which interact with each other for safety decisions (Figure 1). In recent years, practical investigations and systematic literature reviews have supported the principle of systems thinking theory and the significance of various actions at different levels for the betterment of safety management for specific construction heavy equipment such as tower cranes [30,31,32]. Refs. [30,31] employed the systems thinking lens to capture and categorize the complex system of crane safety risk factors in a structured way and have a comprehensive detection strategy to consider all aspects of risk factors such as regulation, human, equipment, environment, and management.




3. Research Method


This review aims to identify the trend and distribution of research efforts on enhancing earthmoving equipment safety in construction under the tenet of the systems thinking approach. Its primary objectives include categorizing risk factors and their interrelationships. This paper adopted a systematic literature review in which the process is objective, explicit, and replicable [33] and employed the PRISMA (preferred reporting items for systematic reviews and meta-analyses) workflow [34]. The paper selection process is depicted in Figure 2.



Extraction of Relevant Publications


Search strategies were applied to filter the pertinent investigations from online digital libraries such as Scopus and Web of Science as the repositories of publications eligible for this review [35]. The timeframe for inclusion in publications was limited to between 2000 and February 2024, when the search was performed. In the current review, the search string comprised keywords that created Boolean operators such as “AND” and “OR” to connect the pertinent keywords. The search was restricted to TITLE-ABSTRACT-KEY and English peer-reviewed journal publications. Table 1 displays the relationship between the Boolean operators and the outcome of the search used to find relevant scientific articles. The total number of findings is 381, with 250 and 131 studies obtained from Scopus and Web of Science, respectively.



Once duplicate papers were removed, 278 papers remained. After reviewing the titles and abstracts, 202 papers were removed from the list because they were not relevant to the scope of the study. In the phase of the full-text review, two crucial criteria were considered to determine the selection of the papers: (1) the study should focus on the safety of earthmoving equipment in a construction context; (2) research focusing on the automated operations of autonomous earthmoving equipment that are still in the experimental phase and have yet to be validated in actual practice should be excluded [25]. Consequently, nine papers on the robotic teleoperation of construction machinery were eliminated from the list of papers. A manual examination of the references in the included papers was conducted to complement the electronic searches. Finally, 20 additional papers were identified as a result of reference tracking published within the same period (2000–February 2024). This brought the total number of papers included in the review to 87.





4. Data Analysis


4.1. Content Analysis


A total of 87 papers were subjected to content analysis to determine the risk factors of earthmoving equipment operation in the construction process. NVivo Qualitative Data Analysis software version 12 was employed to extract the themes and codes. To achieve objective 1, content analysis was conducted to categorize the textual data according to the systems thinking framework.




4.2. Social Network Analysis


To achieve objective 2, social network analysis (SNA) was employed to explore the patterns of interactions and relations using a combination of the network and graph theory [36]. SNA was conducted in Gephi (0.10.1 version), an open-source visualization software and computational tool for SNA to visualize the interrelationship patterns of risk factors [37]. After converting the collected data into the CSV format compatible with Gephi and importing it, we obtained a network matrix comprising 38 nodes and 92 directed edges within Gephi. Each node represents the risk factors extracted from 87 papers, while the edges denote the forwarding interdependencies of these risk factors as identified from the safety solutions research in 79 papers. The “Force Atlas” algorithm was first employed to arrange the nodes in Gephi, after which the Fruchterman and Reingold algorithm was applied to refine the node distribution. The virtue of gravity characteristic of this algorithm allows it to center the highly rated sources [38]. The subsequent sections provide detailed analysis information.



4.2.1. Degree Centrality


The degree centrality of a node, which determines the effect of existing edges on a certain node, is the sum of all linkages existing on a node in a network [39,40,41]. The in-degree and out-degree of various factors indicate the interdependency with other nodes. A higher out-degree signifies the number of times the node requires more content from other nodes. A node is considered central when it is more frequently forwarded by other nodes, has more connections, and holds greater interdependency with other nodes within the network.




4.2.2. Betweenness Centrality


Betweenness centrality is an essential indicator that evaluates the node’s ties to various clusters or levels. It is calculated by identifying the shortest paths through the network and quantifying how frequently a node acts as an intermediary along these paths [42]. The betweenness centrality is more important than degree centrality because it underscores the node’s strategic importance in the network, offering insights into its potential to influence the control of information or resources across different segments of the network [43,44].




4.2.3. PageRank Value Analysis


PageRank value analysis was employed to measure the importance of each node based on the number of incoming relationships and the rank of the related source nodes. PageRank value analysis output is a probability distribution that represents the likelihood of visiting any node by randomly traversing the graph. It can help identify important nodes that would have cascade effects on other nodes in the network [45]. To further assess and determine the impact of each node type within the earthmoving equipment safety network, Gephi (0.10.1 version) was used to calculate the PageRank value.






5. Results


5.1. Publication Distribution by Year


Figure 3 displays temporal trends in the volume of publications from 2001 to 2023, focusing on the risk factors associated with the operation of earthmoving equipment categorized according to different levels of Rasmussen’s 1997 risk management framework. The research trends in the category of regulatory bodies and associations illustrate the relatively low frequency of publications that mentioned risk factors at this level. The frequency of publications at the construction site management level risk factors has an overall increasing trend, with some fluctuations, and it demonstrates a particularly strong research interest, with pronounced peaks in publication numbers around 2013, 2016, and 2018. The “Workforce” category, encompassing the human aspect of construction operations, exhibits the highest peaks of all the categories, especially in the years 2013, 2020, and 2022. Research in the “Environment and Equipment” sector varies, showing heightened activity in certain years like 2010, 2013, and 2016. Meanwhile, the “Company Management” level experienced significant upticks in years such as 2011 and 2013, reflecting the continuous evolution in managing the construction industry amidst economic shifts and emerging management practices related to the safe operation of earthmoving equipment.




5.2. Publication Distribution by Journal


As shown in Figure 4, Automation in Construction and Journal of Computing in Civil Engineering are the top two journals, jointly making up 44% of total publications. Automation in Construction contributes 28% (21 publications), and Journal of Computing in Civil Engineering contributes 16% (12 publications), indicating a focus on automated safety solutions for risk factors related to earthmoving equipment operation in the construction process. Other notable journals include Journal of Construction Engineering and Management, with 11% (8 publications), Advanced Engineering Informatics with 8% (6 publications), and Engineering, Construction and Architectural Management with 7% (5 publications). Additionally, several journals contribute two publications each, constituting 3% of the total publications, while the remaining journals collectively contribute 3%, with one publication each.




5.3. Risk Factors


The analysis results show that there are two major types of earthmoving equipment operation safety research:




	(1)

	
Identification of the risk factors of earthmoving equipment operation safety (8 papers) (Category 1);




	(2)

	
Safety solutions for risk factors of earthmoving equipment operation safety (79 papers) (Category 2).









Eight papers focusing on identifying all risk factors related to the operation of earthmoving equipment were utilized to consolidate risk factors. Although introducing safety solutions is not the main focus of the paper, the 79 papers on safety solutions for these risk factors were further analyzed to identify the interrelationships among risk factors through the contributions, benefits, and recommendations of safety solutions. In the 87 total papers reviewed in this work, risk factors were mentioned a total of 174 times. Table 2 illustrates the mapping of the extracted risk factors for earthmoving equipment operation. Some categories of Rasmussen [27] risk management framework are named slightly differently to better reflect construction industry terminology.



There are eight studies (Category 1) related to the identification of risk factors related to earthmoving equipment operation in the construction process. Lingard et al. [14] applied the ConAC model to delve into the complex interplay of variables that contribute to safety incidents in earthmoving operations, advocating for a systemic analysis beyond immediate causes. The ConAC model uses a systems thinking approach through understanding the root causes and systemic factors that can significantly contribute to enhancing the safe operation of construction earthmoving equipment such as excavators [46]. Plant-related accidents such as earthmoving equipment operation incidents in the construction process result from a complex interplay of these factors rather than from simple and direct causes. It highlights the importance of looking beyond the immediate circumstances, to understand the shaping and originating influences that contribute to the risk of incidents and to develop more effective prevention strategies [14,46]. Ref. [15] found that the majority of struck-by accidents related to construction earthmoving equipment were due to variables such as technical, environmental, human, and safety culture characteristics, which are a reflection of some aspects of the systems thinking approach.



From the total of 79 papers in category 2, 65 studies (82%) addressed the risk factors of construction earthmoving operations through applying technological approaches for specific risk factors, with 16% suggesting automated solutions for site monitoring and warning systems. Furthermore, 14 scholarly works (18%) focused on the analysis of risk factors through non-technological solutions.



As shown in Table 2, the top three categories are construction site management, workforce, and environment and equipment. Construction site management factors accounted for 56% of the total research reviewed. This indicates that there is a focus on research at the operation level. The prevalent scholarly attention is directed toward site monitoring and warning systems (S1), as evidenced by the highest-frequency occurrences of 30 studies, of which 28 of them proposed safety solutions within this particular area. Utility problems (S6) are highlighted as a significant concern by 14 studies, of which 6 studies mention the risk factors and another 8 studies present safety solutions, indicating a proactive academic response to the identified risks. Regarding S11, which pertains to the lack of sufficient protective work clothing and equipment, five studies pinpoint this as an important risk factor. Despite the identification of this issue, there appears to be a dearth of safety-solution-focused research, with no studies offering safety measures specifically tailored to a variety of earthmoving equipment types and operations.





 





Table 2. Mapping the extracted publications at the levels of the systems thinking classification scheme [27].






Table 2. Mapping the extracted publications at the levels of the systems thinking classification scheme [27].





	
Level of Rasmussen [27] Framework

	
Risk Factors

	
Type 1

	
Type 2

	
Frequency Count






	
Government

	
0

	
0

	
0

	
0




	
Regulatory bodies and associations (R)

	
R1: Inadequate regulation

	
[2,47]

	
-

	
2




	
Company management (C)

	
C1: Stakeholder management

	
[14,47]

	
[48]

	
3




	
C2: Manufacturer’s performance

	
[46]

	
[49,50]

	
3




	
C3: Procurement management

	
[47]

	
[50]

	
2




	
C4: Economic climate; budget pressure

	
[14]

	
-

	
1




	
C5: Risk management

	
[14]

	
-

	
1




	
C6: Safety culture

	
[2,14]

	
-

	
2




	
C7: Contractor management

	
[14,16,47]

	
-

	
3




	
C8: Accident investigation

	
[16,46]

	
[51]

	
3




	
Construction site

management (S)

	
S1: Site monitoring and warning system

	
[14,46]

	
[1,11,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77]

	
30




	
S2: Site isolation

	
[14,46]

	
[6]

	
1




	
S3: Obstacles and congested work sites

	
[14,46]

	
[3,5,78]

	
5




	
S4: Site layout/trajectory and path planning

	
[2,14,15,46]

	
[21,79]

	
6




	
S5: Coordination and planning of multiple operations

	
[14,46]

	
[22,80]

	
4




	
S6: Utility problems

	
[2,14,15,16,17,47]

	
[23,81,82,83,84,85,86,87]

	
14




	
S7: Traffic management

	
[47]

	
[51]

	
2




	
S8: Insufficient or lack of housekeeping program

	
[2,14,17,46]

	
-

	
4




	
S9: Insufficient or lack of written work practices

	
[17]

	
-

	
1




	
S10: Work schedules

	
[14,46]

	
-

	
2




	
S11: Insufficient protective work clothing and equipment

	
[2,15,16,17,46]

	
-

	
5




	
Workforce (W)

	
W1: Operation communication

	
[2,14,15,46]

	
[51,88,89]

	
7




	
W2: Situational awareness

	
[26]

	
[90,91]

	
3




	
W3: Mental condition of the operator

	
-

	
[92,93,94,95]

	
4




	
W4: Physiological condition of the operator

	
-

	
[96,97,98,99,100]

	
5




	
W5: Operator proficiency

	
[26]

	
[51,101]

	
3




	
W6: Safety behavior

	
[14,15,16,46]

	
[102,103]

	
6




	
W7: Safety training

	
[2,14,15,46,47]

	
[48,51,61,90,91,103,104,105]

	
13




	
W8: Supervisory factor

	
[2,14,47]

	
-

	
3




	
W9: Worker knowledge and experience

	
[47]

	
-

	
1




	
W10: Hazard perception of the operator

	
-

	
[106,107,108]

	
3




	
Environment and equipment (E)

	
E1: Plant inspection and maintenance

	
[2,14,15,17,26,46,47]

	
[101,109]

	
9




	
E2: Earthmoving machinery characteristics (types, stability, and reliability of attachment)

	
[2]

	
[48,49,50,110]

	
5




	
E3: Structural reliability of machinery

	
-

	
[111]

	
1




	
E4: Blind spot

	
[2,14,15,16,46]

	
[8,19,20,105,112,113,114,115]

	
13




	
E5: Soil and ground condition

	
[17,46,47]

	
-

	
3




	
E6: Weather condition

	
[14,46,47]

	
-

	
3




	
E7: Inappropriate application of equipment for tasks being performed

	
[2,17]

	
[111]

	
3




	
E8: Task-related malfunction

	
[2,17]

	
-

	
2









Research on the workforce level follows closely, representing 30% of the studies, underscoring the significant impact of human factors. A pronounced focus is observed in the realm of safety training (W7), which is identified in 13 studies. This concentration underscores agreement on the critical role of training, further emphasized by the presence of eight articles proposing related safety solutions in the context of earthmoving equipment operation. A considerable number of safety solutions studies emerged: five, four, and three articles addressed physiological conditions, mental conditions, and hazard perception of earthmoving equipment operators, respectively. This implies a recognition of their indirect impact on safety and a responsive effort to address potential problems.



Environment and equipment research accounted for 18.9%, reflecting the attention given to the solutions to the risk factors related to the equipment and environment level. Blind spots (E4) in earthmoving equipment operation safety are a significant academic concern, with five studies identifying the issue and eight studies proposing solutions, reflecting a concerted effort to both understand and mitigate this safety challenge. Plant inspection and maintenance (E1), while covered in nine studies in total, split focus between identifying risks and providing solutions, with seven and two studies, respectively, showing a significant inclination toward proactive solutions. Soil and ground conditions (E5) and weather conditions (E6) each present three studies contributing to the understanding of these risk factors. While structural reliability of machinery (E3) has yet to be identified as a risk factor in earthmoving equipment safety literature, task-related malfunction (E8) is acknowledged in two studies, yet without accompanying articles offering safety solutions.



Company management, with a 5% share, suggests a relatively smaller focus, pointing to potential areas for expanding research to bolster managerial effectiveness within the safety of earthmoving equipment operation in the construction process. The scholarly focus addresses the solution of risks associated with manufacturer’s performance (C2), as indicated by two studies dedicated to devising safety solutions. This contrasts with the identification of risks in contractor management (C7), which, despite being the subject of three articles in the Type 1 group, suggests a disparity between the identification of risk factors and the pursuit of corresponding safety measures in the literature.




5.4. Interrelationships of Risk Factors


Figure 5 presents a network graph that visually maps the interconnected risk factors pertinent to earthmoving equipment operation safety across five distinct categories: Regulatory Bodies and Associations (R), Company Management (C), Construction Site Management (S), Workforce (W), and Environment and Equipment (E). The lines between the nodes depict the complex web of interactions and dependencies among the risks, illustrating the multifactorial challenges in ensuring earthmoving equipment operation safety. This graphical representation underscores the interrelated nature of risk factors, necessitating a comprehensive and systematic approach to risk management in the field of earthmoving equipment operation. The interrelationships among the risk factors, as documented in referenced publications, are available in the Supplementary Materials, Table S1.



5.4.1. Degree Centrality Analysis


Table 3 demonstrates the degree of centrality of each node. The attribute in Table 3 indicates to which level of Rasmussen’s framework a node belongs. Degree centrality analysis reveals the following:




	(1)

	
The nodes that were forwarded more (high in-degrees) were concentrated more in the workforce level (W), safety training (W7); company management level (C), manufacturer’s performance (C2); and environment and equipment level (E), task-related malfunction (E8).




	(2)

	
The nodes that forwarded others with high frequency (high out-degrees) were concentrated at the environment and equipment (E) level, earthmoving machinery characteristics (types, stability, and reliability of attachment) (E2); construction site management (S) level, coordination and planning of multiple operations (S5) and utility problems (S6); and workforce (W) level, hazard perception of the operator (W10).









As shown in Table 3, the node representing safety training (W7), characterized by the first highest in-degree, illustrates that a significant number of publications focusing on safety solutions underscore the critical role of safety training (W7) in conjunction with their approaches to mitigating specific risk factors [23,48,51,80,85,89,93,98]. The task-related malfunction (E8) has the second highest in-degree primarily because the operation of earthmoving equipment involves a complex interplay of various repetitive tasks and subtasks, each with its unique set of potential hazards. It is imperative to consider the detailed knowledge components of these tasks (cleaning and grubbing, excavation and hauling, compaction, and grading) along with the subtasks (digging, dumping, and relocating) [12]. Each task has inherent risks, and the safety solutions should be sophisticated enough to recognize and navigate the specific challenges presented by these activities to mitigate the risks effectively.



The prominence of manufacturer performance (C2) as the node with the third highest in-degree within the network in the context of preventing earthmoving equipment overturns, such as excavators during lifting operations, reflects the need for more comprehensive information from original equipment manufacturers (OEMs) [49]. Manufacturers also play a crucial role in safety by ensuring lifting points on equipment like quick hitches are of the “closed eye” type and rated for safe working load (SWL). This helps prevent accidents by guiding operators on how much weight can be safely lifted [111].



Earthmoving machinery characteristics (E2), site layout/trajectory and path planning (S5), hazard perception of the operator (W10), and traffic management within the construction site (S6) have the highest out-degree, which indicates their safety enhancement depends on improvements in other interconnected factors. Insufficient or lack of housekeeping program (S8) has no in-degree or out-degree with other nodes.




5.4.2. Betweenness Centrality


As shown in Table 4, the characteristics of the machinery (E2) have the highest betweenness centrality of the network. This indicates that they play an important role as intermediaries in the flow of safety-related information. This central positioning suggests that earthmoving machinery characteristics (types, stability, and reliability of attachment) (E2) act as a bridge connecting various Rasmussen risk management levels, and improvements or changes to E2 could significantly influence the other risk factors. Reflecting on E2’s connections, as depicted in Figure 5, to a range of nodes across different categories—workforce (W7, W5, W8, W1), company management (C1, C2, C3), environment and equipment (E5, E7), and construction site management (S5)—it acts as a central hub influencing multiple facets of earthmoving equipment operation safety. For example, because E2 is connected to safety training (W7), this implies that any protocols or policies related to safety training may need to consider the specifications or limitations of the machinery. In essence, E2’s high betweenness centrality suggests that it not only impacts but also potentially dictates the nature of safety training, indicating that an understanding of E2 is crucial for the effective design and implementation of safety training programs (W7). The same principle applies to E2′s connections to other nodes, which indicates that it might serve as a critical factor in shaping or influencing safety considerations across different levels of the Rasmussen framework.



With the second-highest betweenness centrality, the manufacturer’s performance (C2) shapes the earthmoving equipment operation safety. It affects safety training (W7) by aligning it with equipment performance, driving procurement management (C3) toward high-quality machinery and impacting the machinery’s design and safety (E2).



The third highest betweenness centrality belongs to the hazard perception of the earthmoving equipment operator (W10). This indicates how operators’ ability to perceive and react to hazards is influenced by, and influences, a variety of elements, such as their mental condition (W3), proficiency (W5), knowledge, and experience (W9).




5.4.3. PageRank Value Analysis


The high PageRank of a node suggests that it is not merely receiving numerous in-links but is also being referenced by other nodes of significant importance within the system. Table 5 reveals that safety training (W7) not only holds the highest in-degree, being the most referenced by other nodes, but also carries the highest PageRank. This underscores its status as a central node, frequently cited by other key nodes with high in-degrees, including manufacturer’s performance (C2). Task-related malfunction (E8) and manufacturer’s performance (C2) also boast high in-degrees, indicating they are significant points of reference within the network and are cited by pivotal nodes like safety training (W7). Manufacturer’s insights into equipment capabilities and limitations are essential for developing task-specific training programs that address real-world applications and hazards.






6. Discussion


The objectives of this article are to map earthmoving equipment operation risk factors through the lens of systems thinking, leveraging Rasmussen’s (1997) risk management framework and then to identify the interconnections among these risk factors.



6.1. Key Categories of Risk Factors


Some factors at various levels of Rasmussen’s risk management framework, presented in Table 2, are unexplored areas where no scholarly papers were identified within the databases we searched. These areas in Table 2 should be subjected to empirical investigation before defining new research related to those risk factors. No research in these areas may also simply demonstrate that the current status quo is deemed satisfactory, suggesting that additional research in these areas might not yield significant contributions to the existing body of knowledge. Nonetheless, the explicit identification of these risk factors in prior publications stands as strong evidence of the merit of investigating factors that have received no attention.



An overview of earthmoving equipment operation risk factors indicates that the risk profile of earthmoving equipment research has not extended beyond the organizational level. Specifically, there is a lack of comprehensive insight into the impact of decisions and actions taken by government and regulatory bodies on behavior and their contribution to accident causation. Without extending attention beyond the organizational level, the chance to address and revise inefficient laws and regulations becomes slim, and important risks might remain unidentified [116]. Although there is stringent implementation of safety standards and legislative mandates, which require consistent checks and certifications of machinery and the competency of operators [51,117], there is no research on how risk factors can be derived from improvement through engaging government actors and regulatory bodies. The results at this level reflect intrinsic limitations within current methodologies and underscore the importance of augmenting research approaches with comprehensive system-wide evaluations.



For instance, within the domain of company management (C), areas such as economic climate and budget pressure (C4), risk management (C5), safety culture (C6), and contractor management (C7) in the health and safety management of earthmoving equipment represent overlooked areas in research.



At the construction site management (S) level, approximately 35% of the 79 safety solutions studies related to earthmoving equipment operations are site monitoring and warning systems (S1); 19% of them emphasize the dual importance of productivity alongside safety through computer vision technology [68,73,74]. Maintaining a high level of productivity should not come at the expense of safety. Efficient operations must incorporate safe practices to prevent accidents, thus avoiding the indirect costs and delays associated with safety incidents. At the workforce level (W), more than 55% of 22 safety solutions publications are related to cognitive research, representing the relatively nascent field of study. For example, the workforce in earthmoving operations often experiences challenges in maintaining situational awareness due to the dynamic and stressful nature of the job site. It is difficult for them to perceive and process all safety-related elements continuously, which can lead to losing track of critical information. This underscores the need for cognitive research to concentrate on comprehending and mitigating the limitations of human cognition in dynamic and stressful earthmoving operations. It also highlights the potential of technologies to enhance situational awareness by presenting information in cognitively manageable ways, thereby aiding in decision making and risk awareness [118]. The development of a cognitive framework of hazard perception and safety behavior offers a structured approach to understanding the complex interplay between cognition and behavior in safety-critical situations, ultimately leading to more effective safety interventions and improved overall safety outcomes in high-risk industries [118]. At the environment and equipment (E) level, the impact of soil and ground conditions (E5), weather conditions (E6), and task-related malfunction (E8) in earthmoving equipment operation safety are unexplored in current research.




6.2. Interrelationships of Risk Factors


Earthmoving equipment safety in construction operations can be regarded as a complex sociotechnical system [24] in which projects, operations, processes, tasks, microtasks, products, resources, and actors are considered knowledge components of the system [12]. The review revealed that when safety solutions are applied to improve one element of the system, the impact on other factors, or how other factors are interrelated, has been overlooked. Understanding this connection is crucial for seeing how safety measures affect the entire system’s safety performance [116].



Despite the lack of direct research on inadequate regulation (R1) at the regulatory bodies and associations level, it stands out with a notably high in-degree compared with other nodes without research around them. This contrasts with the general oversight of such nodes, underscoring the unique position of regulatory influences in safety practices as a critical yet unexamined area. At the company management level, manufacturer performance (C2) is an important company-level factor that should remain informed, with continual updates regarding prior operational problems and innovative construction machinery health and safety solutions [49]. There is no identified research on how manufacturers update their information based on the mechanism of accidents in the construction process related to different types of earthmoving equipment. Contractor management (C7) has the second highest in-degree within the network, highlighting the responsibility of contractors, as key stakeholders, in securing health and safety on construction sites. Their responsibility entails gathering comprehensive health and safety information about the proposed project before work begins [48,51]. In some research, a key takeaway for stakeholders involved in earthmoving operations is the need to adopt a multifaceted approach to safety, considering not only the technical aspects of machinery operation but also the human and organizational factors [48,49,109]. This involves interdependencies of rigorous training, adherence to safety protocols, effective communication among stakeholders, and the adoption of innovative technologies to predict and mitigate risks [51]. Accident investigation (C8) has also the highest out-degree within the network, signifying the role of this factor in disseminating information about other risk factors such as W7, E1, R1, C5, and S9 in various levels of management. Plant inspections and risk assessments form a vital part of the accident investigation process, entailing a systematic cycle of documenting and reporting incidents in accordance with health and safety executive (HSE) regulations. The findings from these investigations feed into evaluations of the site and corporate policies, prompting safety alerts and preventive measures that influence company-wide policy decisions and project planning. Training records and statuses, as well as compliance with approved safe method statements, are factored into this process to ensure continuous improvement in safety management and legislative adherence [51]. However, the literature reveals a paucity of studies focusing on contractor management, budget allocations, and accident investigations within the domain of earthmoving equipment safety operations.



At the construction site management level, the most important node is site layout/trajectory and path planning (S4), marked by a leading in-degree count of 4. This node is linked to types of equipment activities and plays a key role in finding the pattern of safe behavior (W6) within the operational confines of the equipment [21]. The coordination of multiple operations (S5), with the highest out-degree at this level, is interconnected with utility management (S6), equipment task malfunction (E8), safety regulation (R1), and project scheduling (S10). These elements influence site layout decisions (S4) and necessitate effective safety training (W7), ensuring safe earthmoving operations [22,80]. Both site isolation (S2) and obstacles in congested work sites (S3) have interdependencies with site planning and layout (S4), as well as equipment characteristics (E2) such as footprint and the cyclic pattern of task of equipment (E8) [6]. These elements are closely linked to the characteristics of the equipment (E2), including its pose (orientation and position), state (operational condition), geometry (physical dimensions), and speed [3,5].



Despite the high frequency of publications in site monitoring and warning systems (S1), interdependencies with other risk factors are not identified unless there is a focus on advancing technology for developing warning systems [1,54,57] and automated collision monitoring of earthmoving operation resources (human–equipment) [66] through computer vision [11,63,65,67,68,69,70]. Resilience engineering through the application of these kinds of technologies focuses on creating systems that are capable of anticipating, absorbing, and adapting to potential accidents. This approach goes beyond the traditional safety protocols, which often react to accidents after they occur [24]. Additionally, they apply one technique for automated tracking of workers and equipment. Although this has merits, it cannot address all the complexities of construction sites or guarantee success in every situation. Therefore, developing mixed methods that combine various approaches to improve results could be very advantageous [119]. Establishing mechanisms for continuous feedback and learning from both successful operations and near-misses promotes ongoing improvement in safety practices, which directly contributes to enhanced productivity.



At the workforce level, safety training (W7) stands out as the factor most referenced in high interdependency to other risk factors, representing 7% of all safety solutions. There is a lack of effective safety measures and training methods centered on attentional guidance of the workforce involved in earthmoving operations based on task and subtask breakdown [91] to reduce accidents on construction sites [93]. Safety training based on the characteristics of various earthmoving equipment (technical standards), tasks’ steps definition, and hazard identification based on elementary activity are other overlooked research areas [103]. Operation communication (W1) and worker knowledge and experience (W9) are both the second highest in-degree in this level. Effective communication enhances the safety climate and safety outcomes in earthmoving operations such as excavation [89]. However, there is a lack of research on communication and task analysis to find the patterns of movement of humans during their interaction. Additionally, worker knowledge and experience (W9) is also an overlooked investigation area that has interdependency with critical factors such as manufacturer’s performance (C2). Hazard perception of the operator (W10) and mental condition of the operator (W3) are the third highest in-degree at the workforce level. In long-term continuous earthmoving operation tasks (W10), the hazard perception of the operator (W10) has interdependences with mental workload/mental fatigue (W3), manufacturer performance (C2) in designing more ergonomic and safe equipment, and other factors outside the framework, including controlling the attention allocation, cognitive failure, time of day, temperature, operation skill, personality, emotion, safety attitude, etc. [106,107]. These factors are crucial, but research and understanding of them in the construction industry is lacking [106].



Safety behavior (W6) also acts as a key indicator of an organization’s safety culture (C6), playing a critical role in its overall safety outcomes [102]. Task-based (E8) safety behavior is a prerequisite for achieving higher safety levels from both project and operational standpoints. For example, the behavior of concrete mixer trucks’ operators should be evaluated when performing various tasks like driving in the construction site, getting into/out of the cabin, parking and setting at the working place, concrete direct discharge, concrete discharge into a pump, concrete discharge into a bucket, cleaning the drum, maintenance, and final setting [103]. Leveraging predicted levels of mental fatigue (W3) aids safety managers (W8) in notifying operators of earthmoving equipment about possible health dangers in their ongoing tasks [95].



One of the physiological challenges to the operator (W4) is related to whole-body vibration (WBV) during the operation of earthmoving equipment [96,97,99]. Ref. [96] measured whole-body vibration of front-end loader operators and assessed the impact of traction chains and work tasks on their WBV exposures.



At the environment equipment (E) level, a significant amount of research (16%) focused on tackling the problem related to blind spots (E4) of equipment, which has interdependencies with proactive decisions regarding stakeholder management (C1) and manufacturer performance (C2) [114,115]. For example, providing tailored courses and safety training (W7) addresses the risks related to the operation of or proximity to earthmoving machinery to frontline stakeholders engaged at the construction site. This includes the construction safety manager, the equipment operators, and the ground workers [115]. However, there is no research directly related to task-related malfunctions (E8) that has the highest in-degree and page rank value at this level due to its interdependencies with other critical risk factors. Earthmoving machinery characteristics (types, stability, and reliability of attachments) (E2) is marked by the highest out-degree and betweenness centrality, acting as the starting points for safety decisions for various other risk factors at different levels of management, such as manufacturer performance (C2) and safety training (W7) [48,49,50,110]. Moreover, site-specific challenges, such as soil types (E5) [14], irregular terrain, and weather conditions (E6) are the neglected areas that should be considered as risk factors related to earthmoving operations in the construction process.





7. Future Research Directions


After reviewing various studies, we have pinpointed some areas that still need more attention and warrant further investigation.



In earthmoving operations, understanding the interplay between the characteristics of the equipment and the tasks it performs is essential. Systems thinking (ST) is necessary in this context because it provides a comprehensive perspective that encompasses all facets of the operation, including human behavior, technological interfaces, organizational culture, and external environmental factors. The event analysis of systemic teamwork (EAST) framework is designed to analyze the task network, social network, and information network [120]. Earthmoving machinery’s (E2) diverse functionalities, ranging from specific equipment types like hoes and dozers to their use in composite operations like earthmoving, which combines tasks such as excavation and hauling [12], highlight its critical role in information distribution for other nodes of the network and decision making for safety at different levels of management. By bridging objectives one and two for future research directions, earthmoving equipment operations could entail social interaction patterns between operators, manufacturers, and frontline ground workers and involve understanding how tasks are distributed, interconnected, and managed within the system. Task analysis involves breaking down each operation into smaller tasks and microtasks to understand the workflow, the resources needed, and potential safety hazards. Understanding the steps of each task allows for the identification of potential risks. For example, excavating a trench involves different steps and precautions than grading a slope [47]. The information network covers how information flows through the system, which is crucial for decision making and coordination. In earthmoving, this could include the transmission of safety alerts, operational updates, and performance data. For example, with safety training (W7) as one of the important factors in the network, research could focus on designing training programs that specifically target the understanding and mitigation of task-related malfunctions (E8) and improve familiarity with machinery (E2). Such training could also be developed in collaboration with manufacturers (C2) to ensure it is grounded in the latest equipment specifications and performance standards. This necessitates a detailed task analysis and an effective flow of information, incorporating social interactions among various stakeholders. Frameworks like AcciMap, Human Factor Analysis Classification System (HFACS), and Functional Resonance Analysis Method (FRAM) are examples cited in the literature as sociotechnical system (STS)-based analytical tools [120,121,122]. Systems thinking in accident investigations can uncover root causes beyond the immediate factors, and interviewing the involved workforce enriches data for prevention measures [9].



Most safety solutions are predominantly based on technological interventions. Real-world testing is crucial for the effectiveness of construction site safety technologies, focusing on resolving challenges like data accuracy, user resistance, and ensuring scalability and cost effectiveness. Emphasizing technologies as supplements to human factors, rather than the primary focus, is key to improving safety outcomes [18,122,123,124]. Future studies should explore technological solutions, like advanced monitoring and predictive systems, to predict and prevent task-related malfunctions (E8) in earthmoving equipment operations. Focus on human factors research includes studying the hazard perception of operators (W10), which includes the mental (W3), physical (W4) (e.g., whole-body vibration (WBV)), and cognitive demands in operating earthmoving equipment. Develop and validate a comprehensive cognitive model of the operator and worker in earthmoving equipment operation, hazard identification, integrating attention, and the role of technology [118].




8. Conclusions


In this research, we have presented state-of-the-art research on earthmoving equipment operation safety and have covered 87 pertinent publications. The work provides an overview of the current literature on earthmoving equipment operation safety, shedding light on how researchers are mostly focusing on which aspects of mitigating hazards in this field. This research conducted a multistep approach, firstly, to identifying 38 risk factors associated with earthmoving equipment operation according to systems-thinking-based classifications, and the social network analysis (SNA) approach applied as a novel approach for the content analysis of the literature, by using Gephi for finding the interdependencies of risk factors from the safety solutions literature. Safety training (W7), task-related malfunction (E8), and manufacturer performance (C2) are identified as having both the highest in-degree centrality and PageRank values in the network of risk factors, emphasizing their considerable influence in the network of interdependencies. Hazard perception of the operator (W10), earthmoving machinery characteristics (types, stability, and reliability of attachment) (E2), and manufacturer performance (C2), with the highest betweenness centrality, indicate their critical roles as key connectors within the network of risk factors. Finally, this study reveals paths for future research in the area of earthmoving equipment operation safety in the construction process. This study contributes to providing a holistic picture of risk factors affecting earthmoving equipment operation safety and highlighting portfolios of interconnected risk factors, which, if addressed properly, would bring about cascading effects on improving earthmoving equipment operation safety.
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Figure 1. Rasmussen’s risk management framework [27]. 
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Figure 2. Literature extraction and selection process (PRISMA flow chart). 
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Figure 3. Publication distribution by year based on the main category of Rasmussen’s (1997) risk management framework. 
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Figure 4. Publication distribution by journal. 
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Figure 5. Interdependency of factors affecting construction earthmoving equipment safety. Note: Refer to Table 2 for the corresponding names of the risk factors depicted in the graph. 
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Table 1. The PRISMA identification stage results from searching the database (SCOPUS and Web of Science).
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Boolean Operators (Searches Done in February 2024)

	
Results






	
(“earthwork equipment” OR “heavy equipment operator” OR “construction earthmoving equipment” OR “mobile equipment” OR “construction equipment safety” OR “Equipment operators” OR “heavy construction equipment” OR “construction equipment operator” OR ”backhoe” OR “excavator” OR “dozer” OR “truck” OR “forklift” OR “bulldozer” OR “saw” OR “trailer” OR “compactor” OR “roller” OR “cherry picker” OR “loader” OR “concrete pump” OR ”grader” OR “auger”) AND (“construction site” OR ”construction jobsite” OR “construction work zone” OR “construction industry” OR “construction workplace” OR “construction work *” OR “construction professional” OR “construction labo *” OR “construction workforce” OR “construction staff” OR “construction personnel” OR “construction activit *”) AND (“safety” OR ”safety management” OR “risk” OR “risk management” OR “hazard” OR “accident” OR ”accident prediction” OR “accident prevention”)

	
S

	
W




	
250

	
131




	
Total: 381











 





Table 3. Degree centrality ranking.
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	Order
	Risk Factors
	In-Degree
	Out-Degree
	Degree
	Attribute





	1
	W7
	13
	3
	16
	Workforce



	2
	E2
	3
	10
	13
	Environment and equipment



	3
	C2
	7
	4
	11
	Company management



	4
	S5
	2
	8
	10
	Construction site management



	5
	W10
	3
	7
	10
	Workforce



	6
	E8
	9
	0
	9
	Environment and equipment



	7
	W5
	3
	5
	8
	Workforce



	8
	S6
	1
	7
	8
	Construction site management



	9
	W4
	2
	5
	7
	Workforce



	10
	S4
	3
	3
	6
	Construction site management



	11
	W3
	3
	3
	6
	Workforce



	12
	W1
	4
	2
	6
	Workforce



	13
	W6
	1
	4
	5
	Workforce



	14
	C3
	3
	2
	5
	Company management



	15
	E1
	2
	3
	5
	Environment and equipment



	16
	R1
	5
	0
	5
	Regulatory bodies and associations



	17
	C8
	0
	5
	5
	Company management



	18
	W2
	1
	3
	4
	Workforce



	19
	C7
	4
	0
	4
	Company management



	20
	W9
	4
	0
	4
	Workforce



	21
	E4
	0
	4
	4
	Workforce



	22
	C1
	2
	1
	3
	Company management



	23
	S3
	0
	3
	3
	Construction site management



	24
	S7
	0
	3
	3
	Construction site management



	25
	E3
	0
	3
	3
	Environment and equipment



	26
	S1
	2
	0
	2
	Construction site management



	27
	S2
	0
	2
	2
	Construction site management



	28
	S9
	2
	0
	2
	Construction site management



	29
	W8
	2
	0
	2
	Workforce



	30
	E5
	2
	0
	2
	Environment and equipment



	31
	E6
	2
	0
	2
	Environment and equipment



	32
	E7
	1
	1
	1
	Environment and equipment



	33
	C4
	1
	0
	1
	Company management



	34
	C5
	1
	0
	1
	Company management



	35
	C6
	1
	0
	1
	Company management



	36
	S10
	1
	0
	1
	Construction site management



	37
	S11
	1
	0
	1
	Construction site management



	38
	S8
	0
	0
	0
	Construction site management










 





Table 4. Betweenness centrality ranking.
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	Order
	Risk Factors
	Betweenness Centrality
	Attribute





	1
	E2
	231.16
	Environment and equipment



	2
	C2
	212.75
	Company management



	3
	W10
	163.33
	Workforce



	4
	W7
	121.083
	Workforce



	5
	S5
	117.0
	Construction site management



	6
	W6
	67.16
	Workforce



	7
	S4
	64.66
	Construction site management



	8
	W5
	58.91
	Workforce



	9
	W4
	46.0
	Workforce



	10
	C3
	20.0
	Workforce










 





Table 5. PageRank ranking.
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	Order
	Risk Factors
	PageRank Value Analysis
	Attribute





	1
	W7
	0.080
	Workforce



	2
	E8
	0.078
	Environment and equipment



	3
	C2
	0.060
	Company management



	4
	E2
	0.044
	Environment and equipment



	5
	W10
	0.043
	Workforce



	6
	W9
	0.042
	Workforce



	7
	R1
	0.037
	Regulatory bodies and associations



	8
	W2
	0.035
	Workforce



	9
	C3
	0.033
	Company management



	10
	W3
	0.032
	Workforce
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